Abstract. This paper discussed a sensing property of the SPR sensor to detect changes in refractive index of the dielectric medium. The resonant angle shifting was observed as the dielectrics medium was changed from air to SiO 2 thin film. The effect of a free space wavelength to the excitation of SPP was investigated by employing laser sources with wavelengths transmission of 545nm and 632.8nm. In comparison with 545nm of wavelength transmission, we revealed that He-Ne laser source with wavelength of 632.8nm is suitable to produce a strong SPR signal due to its high Q-factor. To avoid misinterpretation between the destructive interference and SPR phenomenon, we proposed a simple theoretical approach using momentum conservation principle which concerning the wavevector values to validate the experimental results. By ignoring the imaginary part of the dielectric function of gold, we proved that this theoretical approach is still acceptable due to the excellent agreement between the theoretical and simulation approaches.
Introduction
Recently, researches in surface plasmon resonance (SPR) become a major interest in biomedical sensing application. The biosensing techniques are motivated by numerous applications in medical diagnostics and single molecule detection. SPR is an optic method to detect the small change of the refractive index on the metal surface [1, 2] . Many works have been conducted to improve the sensitivity and stability of the SPR sensor.
SPR phenomenon is represented by a sharp dip of curve which represents the minimum reflectance. A high Q-factor of SPR curve implies that the plasmons are strongly confined. The Q-factor is influenced by the thin film thicknesses, types of metal used, structures of nanoparticles, thicknesses, types of metal used, structures of nanoparticles, deposition techniques, value of the free space wavelength, quality of substrates and the coupling methods [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Nonetheless, it is important to differentiate between the existences of SPR and destructive interference where both phenomena are interpreted as an absorption dip in the reflectance function. Consequently, with the support of a theoretical analysis by using plasmonic related equations such as Fresnel equation, Drude model analysis and Maxwell equations; the SPR phenomenon can be recognized [13] [14] [15] [16] . In this paper, we seek to determine the SPR sensing characteristics using our custom made modified optical waveguiding assembly by monitoring the angle shifting phenomenon. We believe that this research output can be exploited gainfully in many sensing applications due to its sensitive response to the change of refractive index of the dielectric medium. A significant theoretical approach for the verification of the SPR phenomenon using a momentum conservation principle by matching the component of wavevector along the surface plasmon propagation interface, k x with the wavevector of surface plasmon, k spp has been discovered.
Theory
Surface plasmon is the localized charge density oscillations that occur in the interface between a metal and a dielectric medium. These oscillations propagate along the boundary between a thin metal film and a dielectric medium. The relationship of the surface plasmon wave vector (k spp ) between the metal and dielectric medium is given as
where k o is the free space wave vector of the optical wave which can be calculated as
, ε metal and ε dielectric are respectively the dielectric functions of metal and the dielectric medium. During SPR, the energy of the incident light can be strongly coupled from photons onto the surface plasmon wave which decays via heat dissipation along the propagation path. The relationship between k x and angle of incident light can be expressed as follows:
where n glass is the refractive index of the glass prism and θ inc is the angle of incidence [17] . The conditions for the surface plasmon excitation at the interface between the metal and dielectric layers in a glass-metal-dielectric are given by
Resonance is achieved by matching the projection of the wave vector of the incident light in the direction of the interface and wave vector of the surface plasmon oscillations as expressed in Eq. (3). Using a prism with dielectric constant value larger than 1 with the incident angle is larger than the critical angle, value of k x can be determined. As the incident light satisfies the resonance condition, a strong absorption dip in the reflectance can be observed.
Methodology
Herein, we investigated the distinct resonance condition associated with the excitation of surface plasmons for different types of samples, namely single layer of Au (Au-air) and Au-SiO 2 (Au layer deposited prior SiO 2 layer). We fixed the thickness of SiO 2 and gold layer to 45nm and 50nm, respectively. Gold layer was sputtered on a borosilicate glass slide (RI: 1.503) using direct current (DC) sputtering technique; meanwhile SiO 2 layers was sputtered by radio frequency (RF) sputtering technique. The thin film thicknesses were determined using reflectometer (Brand: Filmetrics). We applied a curve fitting method with 96% of accuracy to obtain the thicknesses of the films. Prior to thin film sputtering, the substrate was cleaned by acetone in an ultrasonic bath for 15 min and rinsed with ethanol and deionized water, before dried with a nitrogen stream.
The SPR phenomenon was created using our custom made modified optical waveguiding assembly. He-Ne laser sources with different transmission wavelengths were employed, namely 545nm and 632.8nm. In SPR, it is sufficient to consider only p-polarized waves because no solutions exist for the case of s-polarization. Since the linearly polarized lasers were used in this experiment, the p-polarization state was obtained by rotating the position of laser into 90°. It is worth mentioning that the p-polarization state of the incident light can be achieved by observed the reflected light without the metal coated layer on the glass slide to obtain the critical angle and the Brewster angle [18] . Once the TM polarization state was confirmed, the excitation of SPP was accomplished by illuminating the thin film surface normally with a focused laser beam using an angular interrogation technique. The focusing of linearly polarized beam was realized by coupled the light incident from monochoromatic p-polarized He-Ne laser (Brand: Thorlabs) using a convex lens (Brand: Thorlabs). The reflected light intensity from the metal-coated prism was measured by photodetector (Brand: Newport). The intensity will go through a minimum when the coupling with the plasmon wave occurs.
To excite surface plasmon polaritons (SPP), we applied a prism coupling technique so that the phase matching between k spp and k x can be achieved. By employed Kretschmann configuration, the microscope glass slide and the half-cylinder prism were coupled using optical couplant gel which can reduce Fresnel reflection and the difference in the index of refraction between the glass slide and prism. Figure 1 depicts the schematic illustration of Kretschmann configuration for the SPP excitation.
For the experimental results satisfaction, we ran a simulation using WINSPALL 3.02 simulator programme to investigate the accuracy of our experimental results with the simulated one. The theoretical study was performed to satisfy the principle of momentum conservation by considering two types of wavevectors, namely k x and k spp . The behaviour of λ spp which is always less than the free space wavelength λ 0 was investigated. In this paper, we set the dielectric functions of gold as i 2 .
for the transmission wavelength of 632.8nm and 545nm, respectively based on a plot of the dielectric constant from the paper of Johnson and Christy which is an extended work from Drude model [19] . For simplicity, we assume that the imaginary parts of the dielectric functions are small as compare with the real parts, so that they may be neglected [19] . By considering only the real parts, we investigated the SPP waves that propagate along the interface, which is between the metal thin film and the dielectric (i.e air and SiO 2 ). The losses in the plasmon's propagation which associated with the electron scattering were omitted due to the ignorance of the imaginary parts of the dielectric function.
Results
Prior observation of the SPR phenomenon, it is important to confirm the characteristic of light propagation in p-polarization state. The light reflectance behaviour for the combination of bare microscope glass slide and the prism using p-polarized laser results an excellent agreement with the theoretical as illustrated in figure 2 [20] . The critical angles for laser sources with wavelengths of 632.8nm and 545nm are 38.5° and 43°, respectively. Since the excitations of SPP occur above the critical angles, we expected that the location of SPR dips should be beyond these angles. 
Investigation of the angle shifting phenomena with the increment of refractive indices of the dielectrics medium
By using our custom made modified optical waveguiding assembly, the shifts of incident angles were investigated as the dielectrics medium were changed from air to SiO 2 . In this experiment, we set the refractive indices values of the dielectrics medium namely air and SiO 2 as 1.00 and 1.47 respectively. For a clarification purpose, we performed a simulation using WINSPALL 3.02 simulator developed by Knoll Group, Max-Plank Institute. This simulator programme is based on a normalized Fresnel equation. Both experimental and simulated results show a good verification as proven in figure 3 and figure 4 . The high Q-factors were obtained with the employment of a light source with transmission wavelength of 632.8nm. Figure 4 (a) reveals the shifting of resonance angle from 47° to 71° as the refractive index of the dielectric increased from 1.00 to 1.47 with the transmission wavelength of 545nm. As the transmission wavelength changed to 632.8nm ( figure 4(b) ), the location of resonant dip is shifted from 44.6° to 55.4° without any effect to the reflectance. The angles shifting which occur due to the changes in refractive index of the dielectric are an important indicator in SPR sensing application. Apart from the experimental and simulation approach, we also performed a theoretical study using equation (1) - (3) to verify the experimental results. Table  1 shows the comparison of angle shifting using three types of methods, namely theoretical, simulation and experimental. Whilst the transmission wavelength of 632.8nm used, the experimental result demonstrated a good agreement with the theoretical and simulation with small percentage difference between them. Despite that, the angle shifting for the transmission wavelength of 545nm resulted a large percentage different between experimental and both theoretical and simulation.
Effect of wavevector value, k x and k spp in determining the SPP excitation
Value of the wavevector is the crucial part in SPR study in order to determine the occurrence of SPP excitation. By considering the wavevector, we can simply make a verification either the SPR phenomenon is occurred or not. For any given energy   , the wavevector k x is always larger than the wavevector of light in free space, k o [18] . Evidently, this reveals that the SPP on a planar interface cannot be excited by light at any frequency that propagates in free space. In this paper, the values of k 0 obtained are 0.00993 and 0.01153 using 632.8nm and 545nm of light wavelength transmission, respectively. As depicted in Table 2 , k x >k 0 which proves the potential of SPP excitation in this experiment. Table 2 lists value of k x and k spp during the SPR phenomena using the transmission wavelengths of 545nm and 632.8nm with the employment of different dielectric medium. For both wavelength transmissions under the Au-air configuration, the value of spp x k k  , which fulfil the principle of momentum conservation. Nevertheless, as the dielectric changes to SiO 2 with the transmission wavelength of 545nm, the momentum is not conserved with the fact that k x <k spp . This reveals the inaccuracy of the obtained result for 545nm wavelength as the dielectric was replaced with SiO 2 . 
Discussions
The generation of the SPR signal must satisfy the TIR condition where the excitation of SPP is above the critical angle. By considering figure 3 , the SPR curves are located between 43° to 57°, meanwhile the critical angles obtained are at 38.5° and 43° for the transmission wavelength of 632.8nm and 545 nm, respectively. So, it can be concluded that the existence of absorption dips obtained are due to the SPP excitation. SPP signal strength can be measured by observing the Q-factor of the SPR curves. High Q-factor represents a strong signal of SPPs excitation and vice versa. Figure 3 (b) illustrates a high Q-factor curve which reveals the suitable wavelength to excite strong SPR signal is 632.8nm as supported by the simulation result ( figure 4(b) ).
With the replacement of the dielectric medium from air to SiO 2 , the angle shifting should be observed due to the change in refractive index. If we recap the calculation of k spp using equation (1), the imaginary part of the gold dielectric function was omitted for the simplicity purpose. Although the imaginary part is ignored, the good verification between theoretical and simulated results has validated that this approach is acceptable as proven in Table 1 . As captured in figure 3 and figure 4 , the angles shifting between the experimental and simulation results show the excellent agreement with small percentage differences. However, the minimum reflectance obtained using both methods are slightly different which reveals an argument between the experimental and simulated results. The explanation for this problem is due to the value of the gold dielectric function used during the simulation. Note that the SPR phenomenon is mostly affected by metal characteristics as mentioned in the first section of this paper. Apart from the thin film thickness, the metal dielectric functions also affected the depth of the absorption dip. Since the dielectric function of gold used in this simulation is an ideal value, it is worth to conclude that the experimental value of the dielectric function is slightly different with the ideal one. This leads to the instability of results between the experimental and the simulation approaches.
Owing to the similar characteristics of the absorption dips in reflectance between the destructive interference and the SPR phenomenon, it is critical to distinguish both of them. By conducting a simple theoretical analysis based on the conservation of momentum principle, we compare the wavevector values of k x and k spp for both transmission wavelengths. This principle must be satisfied in order to generate the SPP. With the employment of a prism coupling technique, the wavevector k x is always larger than the wavevector of light in free space, k o . The main purpose of the prism coupling is to increase the wavevector, k x in order to match it with k spp . Value of k spp is obtained by considering the dielectric functions of gold and dielectric mediums (air and SiO 2 ). We determine value of k x using an angular interrogation technique by varies the incident angles until the sharp dip is observed. For the confirmation of the SPR phenomenon, the principle of momentum conservation must be obeyed which is spp x k k  . As projected in Table 2 , the SPR phenomena are clearly observed with the employment of air as the dielectric medium. An excellent validation between k x and k spp proves the occurrence of the SPP excitation. Conversely, with the appointment of 545nm laser source and SiO2 layer as a dielectric medium, the wavevector for both k x and k spp does not obey the principle of momentum conservation, where k spp >k x . By considering the experimental and simulated results as captured in figure 3(a) and figure 4(a), the resonant angles for both Au-SiO 2 configurations are different which reveals that the SPP excitation was not occurred. We concluded that the dip observed in figure 4(a) using SiO 2 layer as the dielectric is due to the destructive interference. According to the simulated results as illustrated in figure 4(a), the SPR resonance of Au-SiO 2 thin film should be occurred at the incident angle of 71°, not at 55° as proposed experimentally.
Conclusions
In conclusions, we found that our custom made modified optical waveguiding assembly is capable to be used in SPR sensing. A good respond to detect changes in refractive index of the dielectric medium shows the sensing properties based on the SPP excitation. High Q-factor resulted from the transmission wavelength of 632.8nm reveals that strong SPR signal can be created using this wavelength as compare with 545nm. We prove the importance of the principle of momentum conservation for the confirmation of SPP excitation.
